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Abstract 
Laser processing of carbon fibre reinforced plastics (CFRP) is believed to be one of the key technologies to allow introducing this material into 
mass production. The main challenge in handling thermal material damage is proper thermal management.  
The current paper introduces a “perpendicular heat flow” model which describes the sublimation process providing a 1-dimensional analytical 
solution of the heat conduction equation. This solution is used to calculate the minimum achievable damage in the matrix material. With this 
model the optimum pulse parameters according to quality needs can be deduced, presuming the correct spatial intensity distribution.  
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1. Motivation 
Carbon fibre reinforced plastics (CFRP) is one of the most important materials for the next generation of lightweight layouts 
in automotive applications. Actually, even basic tasks such as cutting or drilling are not solved satisfyingly. Abrasive methods 
suffer from very strong tool wear, abrasive waterjet treatment from complicated environment, handling, and matrix damage 
occurs due to penetrating water. Laser processing could overcome these restrictions but the very inhomogeneous thermo-physical 
properties of CFRP (summarized in Table 1) make this a challenging task. The main issue is the large matrix damage caused by 
the heat load of the material. 
Table 1: Typical CFRP thermo-physical data [1-3] 
 Matrix Carbon fibre
 parallel to fibre 
axis (p) 
Carbon fibre 
 perpendicular to 
fibre axis(s) 
Density U in kg/m3 1250 1850  
Heat conductivity k in W/m.K 0.2 50 5 
Heat capacity cp in J/kgK 1200 710  
Evaporation temperature Tv in K 800 3900  
Latent heat Lv in kJ/kg 1000 43000  
Structure damage temperature in K 450 3000  
Complex refractive index @ 1μm  nC  2.05 + 0.7i 3.1 + 2.1i 
Optical penetration depth in nm  121 40.3 
Absorptivity @ 90° angle of incidence in %  83.7% 58.4% 
 
 
Several authors have performed experiments using a wide variety of laser types for cutting CFRP-materials and investigated 
the structural damage [4-7]. A correlation between the extent of the damage and process parameters such as pulse duration, pulse 
energy and pulse overlap are reported but sometimes contradictory results were found. 
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The absorption of laser radiation in the plastic matrix strongly depends on the color additives and has to be treated separately 
for different materials. However, organic materials usually show a low absorptivity in the wavelength range of about 1 μm. 
Furthermore the energy required to evaporate or sublimate the plastic material, which typically occupies up to 70% of the total 
CFRP volume, is more than one order of magnitude lower than for the carbon material. Therefore the following model restricts to 
the laser-carbon interaction. Obviously the matrix material can also be damaged by direct laser irradiation. This can be avoided 
by using for example the correct intensity distribution, wavelength or process strategy. However, there still remains a minimum 
amount of damage caused by heat conduction into the carbon material which cannot be avoided.  
In the current paper a basic “perpendicular heat flow” model is described that allows investigations on the essential thermo-
mechanical mechanisms in the case of 1 μm wavelength processing of carbon. The model is based on the one-dimensional heat 
flow equation adapted to the CFRP configuration where the heat flow is primarily perpendicular to the beam propagation axis. 
The model provides an estimate of the least possible damage induced in the matrix material.  
 
2. Model 
Table 1 clearly shows that the process of cutting CFRP significantly differs from cutting metals. At the wavelength of 1 μm 
most of the absorption takes place in the carbon material. Carbon has no fluid phase and must therefore be sublimated. The 
sublimation temperature of carbon is much higher than the structure damage temperature of the plastic of the matrix. In addition, 
the materials involved not only show completely different thermo-mechanical properties but also a distinct anisotropy in the 
compound. 
The interaction with a single absorbing carbon fibre layer (i.e. an infinite plane of carbon material with the thickness of a 
single fibre) is sketched in Figure 1. It is important to note that the beam propagation and the ablation progress occur in z-
direction while the fibre axis and structure damage are both in the x-direction. It is noted that the scales in x- and z-direction are 
not the same in Figure 1: Usually, fibre diameters are in the range of a few micrometers while laser focal spots have a diameter 
of several 10 micrometers.  
 
 
Figure 1: Schematic of CFRP interaction process on a single carbon fibre layer.   
A small volume which is given by the process-depth ("Proc) multiplied by the beam spot area is heated by the absorbed laser 
radiation. For the following basic considerations this volume is assumed to be heated up homogeneously. This discretization of 
the process does not affect the overall energy balance but helps understanding the energy flows involved in the process. 
Oxidation during the heating process is neglected as it can easily be avoided by using an inert shielding gas. 
 
3. Energy balance 
The whole process evolves in three phases. The first two phases occur during heating and sublimation of the material: During 
the “heating phase” the material is heated up to the sublimation temperature Tsub. For this, the energy Eheat and time theat are 
required. When sublimation temperature is reached the “sublimation phase” begins. During this phase, the energy ELv has to be 
supplied to overcome the latent heat Lv. This process requires the time tLv. During the “sublimation phase” the complete volume 
stays on sublimation temperature. The duration of the heating time and the sublimation time is of course a function of the laser 
intensity. During both phases a part of the energy flows into the carbon fibre due to heat conduction. This is represented by the 
large arrows in Fig 1. The relative length of the arrows corresponds to the relative heat conductivities in x- and z-direction. Due 
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to the ten times higher heat conductivity in x-direction the energy flow is almost purely in the direction of the fibre axis, i.e. 
through the side walls of the heated volume in x-direction. This part of the energy is responsible for the damage of the 
surrounding plastic material. Nevertheless, as it is very small compared to the energy used for sublimation of the material it can 
be neglected for the energy balance calculations. An estimate for the energies involved in the two phases described above is 
given in the following paragraph. 
For small losses the energies required for sublimation of a carbon fibre volume are given by: 
 
Lvheatsubtot EEE  ,   with  )( 0TTcAE subPProcSpotheat  U"    and   vProcSpotLv LAE  U"  (1) 
 
where ASpot is the laser beam spot area, Tv, U, cp and Lv are the material constants of carbon as shown in Table 1, and T0 the 
initial temperature.  
As seen from the material parameters in Table 1 the “heating phase”-energy, Eheat, that is necessary to reach sublimation 
temperature is less than 5% of the latent heat, ELv, that is needed to overcome the latent heat. Therefore the sublimating volume 
virtually stays constantly on sublimation temperature during the entire process.  
The effective total interaction time, tHeatLoad that is necessary to provide the required energy for completing sublimation is 
given by: 
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where PLaser is the absorbed laser power and ILaser is the absorbed intensity. The time until the whole volume has been 
sublimated, tHeatLoad, is the essential time constant defining the amount of energy which is coupled into the fibre. As seen in Eq. 
(2) this time constant can only be influenced by changing the laser intensity. 
After the volume has ablated, the interaction with the walls stops and the “cooling phase” begins. In this third phase the heat 
wave decays along the fibre axis with almost no additional load and with almost no loss (due to the ten times higher heat 
conductivity along the axis).  
The incident radiation is absorbed following Beer’s law with the characteristic penetration depth"Opt,S. The effective optical 
penetration depth depends on the energy-density threshold for sublimation and is therefore a function of the intensity and time. 
Furthermore, for low intensities, a part of the incident energy flows in direction of the beam propagation (z-direction). The 
thermal diffusion length is the characteristic length that describes this part of the heat flow. For a first estimate, the following 
process-depth was therefore taken: 
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where Im(ncz) is the complex part of the refractive index, Nz is the thermal diffusivity and tProc the interaction time. The index z 
denotes direction perpendicular to the fibre axis, i.e. in z-direction. From Eq. (2) and Eq. (3) the sublimation time tHeatLoad was 
calculated and is shown in Figure 2. 
 
 
Figure 2: Sublimation time for the processed volume as a function of the absorbed intensity. The extent of the process volume includes optical and thermal 
penetration depth. 
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For intensities I  1010 W/cm2 the thermal diffusion length in z-direction is one order of magnitude lower than the optical 
penetration depth.  
As an example the following process conditions were applied: The laser beam focus on the surface has a radius of 50 μm with 
a flat-top intensity distribution yielding an intensity of 109 W/cm2. The process-depth is "proc = 183 nm and the initial temperature 
is 300 K. 
In this case the absorbed energy required to heat up the process volume to sublimation temperature is Eheat = 7 μJ. The energy 
required to sublimate this process volume is ELv = 114 μJ. The time required for the laser to provide enough energy to the 
process volume for sublimating the whole volume is about 1.3 ns. For comparison: Sublimation of the same volume of plastics 
only requires about 9.6 μJ of absorbed energy. 
 
4. Evolution of the heat wave 
The 1-dimensional solution of the heat conduction equation can be found for the above model following [8,9]. As already 
stated before, the “heating phase” can be neglected. The “sublimation phase” dominates the energy loss into the carbon fibre. 
This energy is lost for contributing to the carbon sublimation and flows along the fibre causing matrix damage. During this phase 
the temperature in the process volume remains constant at the carbon sublimation temperature, Tsub.  
Because of the strongly anisotropic heat conductivity of the carbon fibres the heat flux out of the interaction zone can be 
assumed to be predominantly one-dimensional in x-direction. Heat flow in z-direction is very low. Furthermore the energy 
flowing in z-direction is at disposal for subsequent process steps and does only marginally contribute to the losses into x-
direction. It is therefore noted again that although the direction of processing is the z-direction the heat flow along the fibre axis 
in x-direction is considered here.  
In addition to the 1-D heat flow the extent of the fibre in x-direction can be assumed as semi-infinite. For this case including 
heating at a constant temperature the temporal and spatial temperature distribution THeat(x,t) along the fibre reads: 
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where N is the thermal diffusivity with N = k / (U cp). The error-function complement, erfc([), is given by: 
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After the complete material in the processing volume has been sublimated, a certain temperature distribution 
T0(x) = THeat(x,tHeatLoad) is established. This distribution serves as the initial temperature distribution for the decay of the heat 
wave when heating has stopped. The undisturbed decay of the heat wave that starts at the instant of time t = tHeatLoad is described 
by: 
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The configuration is considered as symmetrical with respect to the laser beam axis. The integration therefore extends over the 
whole fibre extension in x-direction. 
 
5. Results and Discussion 
Figure 3 shows the temperature distributions resulting from the above equations for a heat load time of tHeatLoad = 1 ns. 
Figure 3a describes the “sublimation phase”. The temperature is kept constant at sublimation temperature while the heat wave 
starts propagating into the material. For better comparison of the evolving temperature distributions, the interaction surface 
between the sublimating volume and the solid fibre material is kept constant at x = 0 μm.  
When sublimation is completed the heat wave decays as shown in Figure 3b. To show the effect on the matrix material, the 
two critical matrix temperatures, i.e. the evaporation temperature (TV matrix, upper dashed red line) and the damage temperature 
(TD matrix, lower dashed blue line) are added to the graph. As long as the local temperature exceeds one of these two 
temperatures, the respective effect is very probable to occur at least in the close surrounding of the fibre creating local damage of 
the matrix material.  
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 (a) (b) 
Figure 3: (a) Heat wave evolution during the sublimation of the material. (b) Heat wave evolution during the cooling phase. The plastic matrix is evaporated and 
damaged at the locations where the local temperature exceeds the matrix evaporation temperature (red dashed line) and the matrix damage temperature (blue 
dashed line), respectively. 
It can clearly be seen that the extent of the heat wave increases continuously for a very long time after heating has stopped 
compared to the heating time. This means that the local temperatures need a long time to decay below the critical plastic 
temperatures. This fact is evaluated in more detail in Figure 4.  
Figure 4a shows the temporal evolution of the reach of the two critical matrix temperatures. The lower (red) curve denotes the 
evaporation temperature and the upper (blue) curve the structure damage temperature of the matrix. The reach of damage 
temperature increases over time. After a certain time it has passes a maximum and decreases again. This maximum of these 
curves corresponds to the least amount of matrix damage (i.e. minimum damage) which can be obtained at a certain intensity.  
 
    
 (a) (b) 
Figure 4: (a) Reach of the critical temperatures for matrix evaporation (red) and structure damage (blue) for a heating time of 1 ns at 109 W/cm2.  
(b) Minimum achievable damage caused by heat conduction along the fibre axis for matrix evaporation (red) and structure damage (blue).  
The maximum extent of about 0.7 μm for matrix evaporation occurs about 10 ns after switching off heating. Maximum 
structure damage extent occurs after about 80 ns and extends over about 2.5 μm. These maximum extents define the theoretically 
minimum achievable damage caused by heat conduction along the fibre axis.  
Figure 4b shows these minimum achievable damages as a function of the absorbed intensity. Keeping the approximation for 
the process-depth in mind Figure 4b indicates that e.g. for intensities exceeding 1010 W/cm2 a structure damage of less than about 
1 μm is achievable. Such intensities are easily achieved using short pulse laser systems. 
However, considering typical cw high-power lasers as used for cutting the intensity is typically a few 107 W/cm2 which yields 
minimum matrix evaporation of about 100 μm. 
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6. Summary and Discussion 
The “perpendicular heat flow” model gives a clear picture of the mechanism and the minimum achievable damage in CRFP 
processing. The minimum damage is given by the maximum extent of the part of the heat wave where the temperature locally 
exceeds the matrix damage temperatures. It is seen that the heat wave decay lasts a long time compared to heating after heating 
has stopped. In principle, the maximum extent of matrix damage can be chosen according to the application needs by choosing 
the appropriate intensity. 
The intensity can either be enhanced by increasing the laser power or by decreasing the focal spot size. Both generate 
additional issues which need to be addressed: 
x Reducing the spot diameter limits the maximum processing depth which can be achieved because for practical use aspect 
ratios are limited to about ten. (The aspect ratio is the generated structure depth divided by the structure diameter). Producing 
larger structure depths requires multipass processing strategies to generate structure diameters which are wider than the beam 
diameter. This will enhance processing time and affect the heat deposition. 
x Increasing the peak power by reducing the pulse duration usually goes along with a reduced average power and reduced 
energy per pulse. From Eq. (1) it can be seen that sublimating a single carbon fibre layer of 10 μm thickness within the area of 
a beam of 50 μm in radius requires more than 10 mJ of absorbed energy.  For a complete 2 mm thick CFRP sheet more than 
2 J are required. Such energies are usually not available in single pulses. This makes it necessary to introduce multi-pulse 
processing strategies requiring including the best possible overlap and repetition rate to reduce the amount of heat 
accumulation. 
 
However, the extent of the damage observed is often much larger than calculated with the above model. An important effect 
that is not yet considered is the influence of the intensity profile. Processing with high intensities usually involves Gaussian-like 
intensity distributions where a significant amount of the absorbed energy is in beam regions where the intensity is below 
sublimation threshold. This part of the beam only heats up the carbon material without removing it. This additional heat 
propagates along the fibres in the same way as described above. This part of the radiation might be responsible for the sometimes 
observed so-called “heat-accumulation” effect. This issue can either be partly overcome with an appropriate process strategy. 
The best solution would be to use laser beams with very small spot size or even better flat-top or closest to flat-top intensity 
profiles. 
Eq. (1) in addition allows estimating the maximum cutting speed of CFRP which is often considered as an important issue 
regarding productivity. The maximum speed is limited by the average laser power. About 50 J/mm of absorbed energy are 
required to separate a 2 mm CFRP sheet with a 200 μm wide kerf. This means that for a 2 mm sheet the cutting speed limit is 
given by about vMax (in mm/min) ؆ Paverage (in Watt). 
The next step is to implement the above considerations into a numerically solved 2-D model that includes the exponential 
absorption of the incoming laser beam along the propagation axis. 
Finally it is mentioned that the “perpendicular heat flow” solution might also be applied to laser processing of other “flat”, 
inhomogeneous materials such as cutting of thin, isolated coated metal plates as e.g. used for electro motors. 
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